The Src Homology 2 (SH2) domain is a structurally conserved protein domain that typically binds to a phosphorylated tyrosine in a peptide motif from the target protein. The SH2 domain of C-terminal Src kinase (Csk) contains a single disulfide bond, which is unusual for most SH2 domains. Although the global motion of SH2 domain regulates Csk function, little is known about the relationship between the disulfide bond and binding of the ligand. In this study, we combined X-ray crystallography, solution NMR, and other biophysical methods to reveal the interaction network in Csk. Denaturation studies have shown that disulfide bond contributes significantly to the stability of SH2 domain, and crystal structures of the oxidized and C122S mutant showed minor conformational changes. We further investigated the binding of SH2 domain to a phosphorylated peptide from Csk-binding protein upon reduction and oxidation using both NMR and fluorescence approaches. This work employed NMR, X-ray cryptography, and other biophysical methods to study a disulfide bond in Csk SH2 domain. In addition, this work provides in-depth understanding of the structural dynamics of Csk SH2 domain.
INTRODUCTION
C-terminal Src kinase (Csk) and Csk-homologous kinase (Chk) are members of the CSK family of protein tyrosine kinases. These proteins suppress the activity of Src family kinases (SFKs) by selectively phosphorylating the conserved C-terminal tail regulatory tyrosine (Nada et al. 1991 (Nada et al. , 1993 Chong et al. 2005 Chong et al. , 2006 . Csk and Chk both contain SH3, SH2, and kinase domains, which are separated by the SH3-SH2 and SH2-kinase linkers (Fig. 1A) . The Csk SH2 domain is crucial in stabilizing the kinase domain in the active conformation (Shekhtman et al. 2001; Mikkola and Gahmberg 2010; Grebien et al. 2011) . A disulfide bond in the SH2 is suggested to regulate Csk kinase activity (Mills et al. 2007) , although the extent is possibly highly assay-specific (Kemble and Sun 2009) . The subcellular localization and activity of Csk are also regulated by its SH2 domain (Chong et al. 2005) .
Interactions between SH2 domain and tyrosine kinase domain regulate tyrosine kinase signaling networks (Wong et al. 2005; Ia et al. 2010; Mikkola and Gahmberg 2010) . With regard to this, Wojcik et al. (2010) for instance described a potent and highly specific FN3 monobody binding to the Abl SH2 domain, which inhibits the kinase (Grebien et al. 2011) . The results showed that intramolecular interaction between the SH2 and kinase domains in Bcr-Abl is both necessary and sufficient for the high catalytic activity of the enzyme. Disruption of this interface inhibits the downstream events critical for chronic myelogenous leukemia signaling.
Disulfide bonds are mostly found in secretory proteins and in extracellular domains of membrane proteins. Cytosolic proteins, which contain cysteine residues that are in close proximity to each other, may function as oxidation sensors; when the reductive potential of the cell fails, they oxidize and trigger cellular response mechanisms (Sevier and Kaiser 2002) . Mills et al. studied the unique disulfide bond of Csk SH2 that is absent in other known SH2 domains. The kinase activity of full-length Csk is apparently reduced by an order of magnitude upon formation of the disulfide bond in the SH2 domain (Mills et al. 2007) . Disulfide bond formation is speculated to exert considerable effects on residues within the kinase domain, most notably within the active-site cleft. Given that most cellular compartments exhibit a reducing environment, disulfide bonds are possibly reduced in the cytosol (Sevier and Kaiser 2002) . SH2 sequence alignments from different Csks, Chks, and SFKs show that C122 and C162 are found in most Csks (Fig. 1B) .
In this work, we used multiple biophysical methods to investigate the SH2 disulfide bond and the interaction of SH2 with a phosphotyrosine ligand. Comparison of the NMR chemical shift of the oxidized and reduced SH2 domain reveals the major difference that appeared around residue C122 compared with small chemical shift perturbation around residue C164. Denaturation studies have suggested that disulfide bond contributes significantly to the stability of the SH2 domain. Binding affinity of SH2 toward Csk-binding protein (Cbp)-phosphorylated (to SH3) and CBP peptide (to SH2). The overall structure is plotted with the active Csk1K9A-A. The positions of PEP-3BP1 and CBP peptides are modeled from the structure of 1JEG and 1SPS, respectively. B Sequence alignments of Csk family (upper) and Csk, Chk and SFKs (lower) peptide was studied. The reduced and oxidized forms of Csk can both bind with a Cbp peptide, with the reduced SH2 showing a slightly stronger affinity. Crystal structures of both oxidized SH2 and C122S SH2 were solved and refined. Comparison of the crystal structure of the different forms of SH2 suggests that only minor structural changes resulted from the disulfide bond. Analysis of biophysical data of the unusual disulfide bond provided insights into the role of the disulfide bond in SH2 domain.
RESULTS

SH3-SH2 linker contributes to the stability of SH2 domain
According to Pfam (Punta et al. 2012) , the SH2 domain of Csk begins at residue W82. We constructed our first SH2 domain using the residues M80-A178. Two set of peaks were observed in 1 H-15 N HSQC spectrum of purified, uniform 15 N-labeled reduced sample, such as the side chain peak of W82 ( Fig. 2A) . We postulated that the conformational heterogeneity results from cistrans isomerization of the nearby proline P81. We introduced a single point mutation in P81A-SH2 construct and found that the isomerization was not diminished. Therefore, the isomerization probably comes from other residues. Previous studies have suggested that an interaction exists between the SH3-SH2 linker and the SH2 domain (Wong et al. 2005; Mikkola and Gahmberg 2010) , so a longer version of SH2 (referred to as L-SH2 and contains A73-A178) was constructed. With the addition of this part of the SH3-SH2 linker into the SH2 domain, isomerization was essentially abolished. This phenomenon made the detailed investigation of the SH2 disulfide bond and ligand binding via NMR practical. The X-ray structure of the oxidized form of L-SH2 (PDB ID: 3EAC) showed that structure of the N-terminal linker area (A73-P81) is well defined (Fig. 2B ) with traceable electron density compared with the flexible C-terminus (E174-A178). The crystal structure also revealed that the linker region fold back on the SH2 domain (Fig. 2C) . Hydrophobic interactions between M80 and W82 fix the linker position. Additionally, the hydrophobic interactions between L77 in the linker and L149, F83, and Y116 make the linker fold back to the SH2 and thus stabilizing the structure (Fig. 2B) . Contact between H84 and M173 was also observed, and this interaction made the N-and C-terminals spatially close to each other. Thus, compared with previous studies, the present work used this longer version of Csk SH2.
Oxidation and reduction of Csk L-SH2
During purification of the Csk L-SH2 domain, 50 mmol/L DTT was used to elute the protein from the chitin resin. The L-SH2 was used in reduced form, given that DTT was used to cleave L-SH2 from its intein fusion partner. Following elution of the protein from the ion exchange column, the L-SH2 became a mixture of the reduced and oxidized forms. The fully oxidized form was obtained by exposing the protein to air for several days. and oxidized forms of L-SH2. The oxidized form was obtained from the purified protein dissolved in water at approximately 1 mg/mL and then exposed to air for approximately a week at room temperature and pH 7.2. 1 H-15 N HSQC spectra show that the peaks associated with the reduced form disappeared after oxidation, whereas the oxidized peaks appeared. We found that 10 mmol/L DTT is sufficient to reduce the SH2 domain within 10 h, whereas a higher DTT concentration (150 mmol/L) was used in other studies (Mills et al. 2007) . Figure 3C shows the oxidized form of SH2 with 10 mmol/L DTT, and the t 1/2 of the reduction reaction was 2.6 ± 0.1 h.
The differences in chemical shifts were measured after assigning both the spectra of the oxidized and reduced forms (Fig. 3B) . Most of the changes in chemical shift took place in the residues close to the disulfide bond area, especially near the residue C122. This finding suggested that the C122 area was likely to undergo greater structural changes compared with the C164 residue area.
The NMR chemical shifts of 13 C a and 13 C b of cysteine residue can be discriminated between cysteine in its reduced and oxidized states (Sharma and Rajarathnam 2000) . The observed C a shifts for oxidized and reduced forms cysteine were 55.5 ± 2.5 and 59.3 ± 3.2 ppm, respectively. The C b chemical shifts of reduced and oxidized cysteine spanned a wider range. The observed C b shifts for the oxidized and reduced cysteine were 40.7 ± 3.8 and 28.4 ± 2.4 ppm, respectively. All of the 13 C a and 13 C b chemical shifts of cysteine residues are listed in Table 1 with redox status of the residue indicated in brackets. Residue C119 cannot form a disulfide bond in all of the listed conditions and thus the chemical shift of C119 remained unchanged under either the reduced or oxidized condition. The chemical shift of the 13 C a of C122 and C164 changed into -5.7 and -0.5 ppm upon the formation of the disulfide bond, respectively. For 13 C b of C122 and C164, the changes in chemical shift were 16.6 and 13.9 ppm upon the formation of the disulfide bond, respectively. Considerably slight changes in 13 C chemical shift of these three residues were associated with Cbp peptide binding, suggesting no direct interaction exists between Cbp and the C122-C164 disulfide bond region.
Disulfide bond formation can significantly enhance the thermal stability of SH2 domain Intrinsic fluorescence of oxidized and reduced form of L-SH2 domain, as well as that of the cysteine mutants C122S and C164S L-SH2, was measured to examine the role of the disulfide bond in the stability of the Csk SH2 domain. The fluorescence spectra of all the mutants were similar to the spectrum of the wild-type domain, which displays a prominent tryptophan maximum emission and excitation at 320 and 288 nm, respectively. Equilibrium denaturation curves exhibit a single, cooperative transition indicative of two-state unfolding. The thermodynamic stability of these oxidized and reduced L-SH2 domains, as well as that of the mutants at equilibrium, were characterized by determining the free energy of unfolding by using guanidine hydrochloride-induced unfolding experiments monitored by tryptophan fluorescence (Fig. 4A) . The curves were fitted using the linear extrapolation model to obtain the DG for unfolding in H 2 O (Santoro and Bolen 1988) . The free energies DG U,W 0 of the reduced, oxidized, C122S and C164S L-SH2 are 27.5 ± 0.7, 42.2 ± 1.6, 29.4 ± 0.9, and 26.3 ± 0.9 kJ/mol, respectively. All of the three forms of L-SH2 without disulfide bond were greatly destabilized compared with L-SH2 containing disulfide bonds with free energy value reductions ranging from 12.8 to 15.9 kJ/mol. Interestingly, substitutions of the C122 and C164 with Ser residues caused a different destabilization. The free energy measurements were also consistent with conservation of the C122 and C164 (Fig. 1B) . Formation of the disulfide bond assisted in the packing of aB to the hydrophobic region of the protein consisting of bC and bD (Fig. 4B) . The S-S distance of the disulfide bond was 2.0 Å, whereas the O-S distance in the C122S mutant was 3.7 Å (Fig. 4B) . As the structure refinement for the oxidized form of L-SH2 progressed, the maps indicated dual conformations for the residue C122 (Fig. 4C ), which were successfully modeled as such. Therefore, the high-resolution structures of oxidized L-SH2 reveal dual conformations of disulfide bond that were not observed in the lowerresolution structure of full-length Csk. X-ray crystallography data were also consistent with the NMR observation, in which most of the changes in chemical shift took place in the residues close to C122, and this area was likely to undergo greater structural change than in the C164 residue area (Fig. 3B) . Although the side chain Table 1 13 C a and 13 C b chemical shift of all cysteine and cysteine residues in L-SH2 domain 
Csk SH2 is perturbed upon Cbp peptide binding
To study the interaction of Csk L-SH2 with Cbp peptide, we performed 3D triple-resonance NMR experiments on L-SH2 samples with and without Cbp peptide. Figure 5 shows the binding of Cbp phosphopeptide with Csk L-SH2. Figure 5A shows the overlay of 1 H-15 N HSQC spectra of the Csk L-SH2 with (red) and without (green) Cbp peptide. Figure 5B shows the differences in the chemical shift of the two spectra plotted against the residue number. The perturbed residues on the Csk L-SH2 suggested that bB-bC loop, bD, and bD-bE loop underwent significant conformational changes following Cbp peptide binding. N111 and Y112 were absent from 1 H-15 N HSQC spectrum in the absence of ligand; therefore, data on chemical shift perturbation were not available for these two residues. In addition, bA-aA loop residues at the N-terminal underwent smaller chemical shift perturbation upon binding of the phosphopeptide.
Comparison of the SH2 structures in putative active full length, inactive full length (Ogawa et al. 2002) , and isolated form (PDBs 1K9A-A, 1K9A-C, and 3EAC) also showed that the position of bD-bE and bB-bC loops significantly changed among the active form, inactive form, and isolated SH2. These results suggested that Cbp binding caused a conformational change in the bBbC, bD, and bD-bE loops and may possibly adjust the conformation in the kinase domain via the contact proposed in a previous study (Ogawa et al. 2002) .
Reduced L-SH2 binds to the phosphorylated tyrosine ligand with slightly stronger affinity than oxidized L-SH2
To study the interaction between L-SH2 and Cbp, we used a 10-residue peptide with the sequence ISAMpYSSVNK derived from human Cbp protein (Wong et al. 2005) . Figure 6A shows the binding of the 10-amino acid peptide ligand with L-SH2. The dissociation constants K d extracted from each titration curve were 0.52 ± 0.05 and 0.99 ± 0.08 lmol/L for the reduced and oxidized SH2, respectively, suggesting that the reduced form can bind slightly more efficiently than the oxidized form. To compare the relative binding constant of the reduced and oxidized forms in a single experiment, we used the 1 H-15 N HSQC spectrum of the mixture of the oxidized and reduced form of L-SH2 (200 lmol/L). Cbp was titrated with L-SH2 at a final concentration of 100 lmol/L. Well-resolved Y129 and G162 peaks were used to calculate Kd ox Kd red , obtaining 1.5 ± 0.2 and 2.1 ± 0.1, respectively (Fig. 6B, C) . The NMR result confirms that the reduced form of L-SH2 binds to Cbp slightly stronger than the oxidized form. The relative ratio of the different forms of peaks observed did not change with time, suggesting that Cbp binding did not alter the dynamics of the formation and breakage of the disulfide bond. Cbp peptide binding of 
DISCUSSION
Intramolecular interactions between the SH2 domain and tyrosine kinase domain are critical in regulation of catalytic activity. Destabilizing mutations in the SH2 domain and linker region often cause diseases (Filippakopoulos et al. 2009 ). Studies have suggested that the SH3-SH2 linker interacts with the SH2 domain (Shekhtman et al. 2001; Wong et al. 2005; Mikkola and Gahmberg 2010) , and this phenomenon was confirmed by our study. In the crystal structure of the L-SH2, this linker region folds back on the SH2 domain during the hydrophobic interactions, suggesting that the SH3-SH2 domain linker is necessary to stabilize the SH2 domain.
Studies have suggested that the kinase activity of fulllength Csk decreases by an order of magnitude upon the formation of the disulfide bond in the distal SH2 domain. Prevention of the reduction of disulfide bond leads to a tenfold reduction in kinase activity, which can be restored upon re-introduction of the reducing agent into the reaction (Mills et al. 2007 ). Direct and specific inactivation of protein tyrosine kinases in the Src and FGFR families through reversible cysteine oxidation is also observed in alternative procedures, where Csk is mildly activated by DTT (Kemble and Sun 2009 ). These results suggest that direct redox regulation possibly exists in specific PTKs. In this study, the thermodynamic stability of the oxidized and reduced L-SH2 domains, as well as that of the mutants at equilibrium, was characterized by determining the free energy of unfolding. All of the three forms of SH2 without a disulfide bond were greatly destabilized compared with the SH2 containing a disulfide bond. The disulfide bond formation significantly enhances the thermal stability of SH2 domain and assists in the packing of aB into the hydrophobic region of the protein consisting of bC and bD. The overall backbone position of C122S and the oxidized form in the crystal structure is nearly identical, suggesting that the disulfide stability results from reduction of entropy of the unfolded state.
Csk interacts with Cbp/PAG, which is localized in membrane microdomains enriched with cholesterol, glycosphingolipids, and lipid rafts and is subsequently recruited into the reaction space (Kawabuchi et al. 2000) . The interaction occurs between the SH2 domain of Csk and the SFK-phosphorylated Tyr-314 of Cbp (Kawabuchi et al. 2000) . In our study, a 10-residue Cbp peptide bound with Csk SH2 with affinity at the lmol/L level, and the chemical shift perturbation pattern was similar to that of the long Cbp peptide (Tanaka et al. 2013) , suggesting that the pY314 area was dominant during the interaction between SH2 and Cbp. disulfide bond caused only subtle changes in the L-SH2 domain. In addition, affinity and NMR measurement suggested that the reduced form of L-SH2 can bind with Cbp peptide slightly more efficiently than the oxidized form. Our results also show that Cbp binding did not alter the dynamics of formation and breakage of the disulfide bond; therefore, Cbp peptide binding did not change the redox status of the Csk-SH2. The present work illustrates the combination of NMR, X-ray cryptography, and other biophysical methods in investigating the disulfide bond in SH2 domain. Moreover, this work provides a more complete understanding of the structure and dynamics of SH2 domain. However, mechanistic details linking the disulfide bond to the regulation of Csk kinase activity remain elusive until further structural study of the disulfide bond in the context of full-length Csk.
MATERIALS AND METHODS
Protein expression and purification
The human Csk SH2 domain genes containing the residues A73-A178 were amplified and cloned into the expression vector pTWIN1 (New England Biolabs) as described previously (Liu et al. 2009 ). The plasmid was transformed into a BL21 (DE3) RIL component cell (Stratagene, 230245). The cells were grown to mid-log phase and induced with 0.5 mmol/L IPTG at 25°C overnight. After centrifugation, the cells were resuspended in 35 mL of Buffer A (50 mmol/L Tris-HCl, pH 7.5, 200 mmol/L NaCl) and passed through a French pressure cell twice. The cell lysate was centrifuged at 12,000g for 20 min at 4°C. The clarified cell extract was loaded into 6 mL of chitin beads. The cleavage of the (Live et al. 1984; Wishart et al. 1995 H and 15 N is determined from the ratio of the average variances of the amide nitrogen and proton chemical shifts observed for the 20 common amino acid residues in proteins deposited in the BioMagResBank (Mulder et al. 1999) . For those residues showing well-resolved four peaks (reduced-bound, reduced-apo, oxidized-bound, and oxidized-apo), the relative binding affinity was calculated as follows:
Peak intensity represents the relative concentration of each fraction.
Crystallization, data collection, and structural analysis
The oxidized form of the Csk L-SH2 domain or the C122S mutant was crystallized using the hanging drop vapor diffusion method. Protein solution (1 lL, 15 mg/mL) was mixed with reservoir solution [1 lL, 100 mmol/L Bis-Tris (pH 7.3), 22% PEG 4000] and incubated in reservoir solution (1 mL) at 25°C. Within one day, crystals typically grew as rod-shaped structures with dimensions 300 lm 9 20 lm 9 20 lm. X-ray diffraction data were collected, integrated, and scaled using HKL2000 (Otwinowski and Minor 1997). Structure-factor amplitudes were calculated using TRUNCATE (Bailey 1994) . Data on diffraction were consistent with the orthorhombic space group P 212121 , with unit cell dimensions as follows: a = 37.1 Å, b = 48.0 Å, c = 50.0 Å and a = 37.5 Å, b = 48.1 Å, c = 49.9 Å for the oxidized and C122S mutant, respectively. Unless otherwise stated, all programs used for structural and crystallographic analyses were located within the CCP4 interface of the CCP4 suite (Bailey 1994) . The structure of Csk L-SH2 or C122S mutant domain was solved using the molecular replacement method. Initial phases were obtained using MOL-REP, and the co-ordinates of the SH2 domain with Protein Data Bank (PDB) entry code 1K9A were used as search models (Ogawa et al. 2002) . Manual model rebuilding was performed in Coot (Emsley and Cowtan 2004) , and maximum likelihood refinement was performed using REFMAC5 (Murshudov et al. 1997) . Ordered water molecules were initially added into the model using Coot and eventually added manually. The program PROCHECK (Laskowski et al. 1993 ) was used to assess the quality of the final structures. Data collection and refinement statistics are shown in Table 2 . Co-ordinates were deposited in PDB under accession codes 3EAC (oxidized) and 3EAZ (C122S mutant).
Fluorescence measurement
Fluorescence titrations were performed at 25°C in 3 mL of 50 mmol/L Tris-HCl (pH 7.5) using excitation and emission wavelengths of 288 nm and 320 nm, respectively. The 10-residue synthetic phosphopeptide corresponding to the specific SH2-binding site in Cbp was titrated with the L-SH2 sample. The typically adopted protein concentration is 5 lmol/L. For the denaturation experiments, ultrapure guanidine hydrochloride (Sigma S0933) was used. Proteins were exposed to guanidine hydrochloride concentrations ranging from 0 to 6 mol/L at 0.1-0.2 mol/L steps. The concentrations of guanidine hydrochloride of the solutions were determined by measuring the index of refraction and by using the following equation: d/ d 0 = 1 ? 0.2710 W ? 0.0330 W 2 (Tanford et al. 1966 ), where W is the weight fraction of guanidine hydrochloride in the solution, d is the density of the solution, and d 0 is the density of water. Reversibility of the guanidine hydrochloride-induced unfolding reaction and the time necessary to re-establish equilibrium were determined by diluting a concentrated protein solution containing 6 mol/L guanidine hydrochloride into the buffer and by monitoring the fluorescence spectrum of the protein as a function of time. The signals were normalized to the fraction of unfolded species using the standard relation F unf = (I -I N )/(I U -I N ), where N and U stand for the fluorescence intensity of the native and fully unfolded species, respectively. 
